The goal of this study was to determine to what extent aging affects the antioxidant defense system of the rat adrenal and to evaluate the impact of any change in this system on the recognized age-related decline in steroidogenic capacity of adrenocortical cells. The studies were conducted on young (2-5 mo) and aging (12-27 mo) Sprague-Dawley rats and involved procedures measuring steroidogenesis; oxidative damage to tissue; non enzymatic antioxidants such as vitamin C, E, and glutathione; and tissue antioxidant enzyme (Mn and CuZn superoxide dismutases, catalase, and glutathione peroxidase) activity and expression (mRNA, protein mass, and location). Some measurements were made also on rats maintained on vitamin E-deficient diets. The data show that adrenals from young animals are especially well protected against oxidative events; i.e., these adrenals show the least endogenous lipid peroxidation and the highest level of resistance to prooxidant-induced damage (of various tissues measured) and show exceedingly high levels of tissue antioxidants. Aging, on the other hand, results in oxidative changes in adrenal tissue that are generally linked in time to a reduction in efficiency of the normally protective antioxidant defense system and to the decline in corticosterone production. We speculate that these events are causally related, i.e., that the age-related reduction in oxidative mechanisms in adrenal tissues leads to oxidative damage of membrane or cytosolic factors important to cholesterol transport, and, as a consequence of this damage, cholesterol cannot reach appropriate mitochondrial cholesterol side chain cleavage sites, and corticosterone production fails. (J.
Introduction
Studies from this laboratory (1) (2) (3) (4) (5) and of others (6) (7) (8) (9) (10) (11) (12) have shown that aging in rats is associated with a decreased steroidogenic response; i.e., when specifically challenged in vitro, isolated adrenocortical cells (or Leydig cells) of 18-24-mo-old rats (of several different strains) produce and secrete significantly less hormone in response to maximal trophic hormone stimulation than do cells from young (2-mo-old) or mature (5-6-mo-old) rats. Although the mechanism behind this aging defect is not understood, a number of observations (2, 4, (11) (12) (13) suggest that it may involve inadequate processing of intracellular cholesterol or inefficient transport of cholesterol to mitochondrial side chain cleavage sites for the initial steps in steroidogenesis. This occurs despite the fact that internalization of lipoprotein cholesteryl ester is quite normal (5, 14) and intracellular cholesteryl ester storage pools are more than adequate (2, 4, 11 ) in steroidogenic cells of aging rats.
Oxygen-derived free radicals and the accumulation of unrepaired oxidant-damaged cellular products have long been implicated in the aging process (15) (16) (17) (18) (19) , and may, in fact, be responsible for some of the cellular changes described above. The risk of damage from lipid peroxidation is especially high for steroidogenic cells because the cells use molecular oxygen for steroid biosynthesis, and all interactions of the cellular cytochrome P450 enzymes with their lipid substrates and products (cholesterol and its metabolites) are major sources of free radical formation (20, 21) . Indeed, in the rodent adrenal cortex, these lipid products, combined with the naturally high tissue content of unsaturated lipids, exaggerate the potential for cell damage and death from autooxidation events (20, 22, 23) . Because lipid peroxidation involving membranes can effect membrane structure and/or fluidity (17) (18) (19) (20) 24) , and virtually every event associated with cholesterol processing in steroidogenesis is dependent on the integrity of cell membranes (25, 26) , the likelihood of steroidogenesis being adversely affected (especially the steps involving the transport of cholesterol) is quite high. Indeed, several earlier studies on various steroidogenic cells have suggested that hydrogen peroxide, an intermediate product of lipid peroxidation in cells, is capable of inhibiting steroidogenesis (27) (28) (29) (30) , either by interfering with cholesterol transport to mitochondria, as in the case of cultured luteal cells (27) , and/or by interfering with the action of P450 mitochondrial enzymes, as shown in studies of M-10 Leydig tumor cells and luteal cells (29, 30) .
Mammalian cells are equipped with antioxidant systems to combat free radical damage (17, 22, 24, (31) (32) (33) (34) , and organs such as the adrenal appear to be particularly rich in these substances (20, 22) . In general, the antioxidants consist of nonenzymatic substances, such as vitamins A, C, E, and other small molecular weight compounds such as glutathione (17, 22, 24, 31, 32, 34) , and three basic enzymes, SOD, catalase (CAT),' and glutathione peroxidases, especially selenium-dependent glutathione peroxidase (GPX) (16, 22, 24, 33) . The fate of these various antioxidants in the adrenal of aging animals is not known.
The current study was designed to determine if a change in the efficiency of the adrenal antioxidant defense system in aging 1 . Abbreviations used in this paper: CAT, catalase; FOX, ferrous oxidation-xylenol orange; FOXRS, FOX-reactive substances; GPX, glutathione peroxidase; GSH, reduced glutathione; GSSG, oxidized glutathione; TBARS, thiobarbituric acid-reactive substances; TPP, triphenylphosphine. rats is, in some way, associated with the age-associated decrease in adrenal steroidogenesis. The results suggest that this is the case. In young animals, the adrenal content of various nonenzymatic antioxidant substances is high compared with other tissues, as is the activity, protein, and mRNA for various important antioxidant enzymes. As the animals age, the levels of many of these protective substances decrease. These observations are consistent with the idea that aging in rats is associated with a deterioration of protective oxidative mechanisms, and in the adrenal these changes may lead to oxidative damage in membranes that are crucial for cholesterol processing and steroidogenesis. (36) (37) (38) (39) , including rat (37, 38) . Also, Western blot analysis performed by us on adrenal tissue extracts further confirmed the specificity and cross species-reactivity of these antibodies. The full-length cDNA probes for rat liver CuZn-SOD (40) 
Methods

Animals
Male Sprague-Dawley rats (Bantin and Kingman, Fremont, CA) were used for all studies. Young rats were obtained at 2 mo and used at 5 mo of age. Older virgin rats were obtained at 11-12 mo and maintained in our facility (2) (3) (4) (5) up to 27 mo of age.
For vitamin E deficiency studies, rats were obtained at 3 wk of age (-40-50 g) and were randomly assigned to two treatment groups. Group A received a control diet (TD 88165) while group B received a diet totally deficient in vitamin E (TD 88163). Both diets were provided by Teklad Laboratories (Madison, WI). The rats were individually housed, fed ad libitum, and were used for experiments 6-7 mo after the onset of the dietary regimens.
In general, two pooled adrenals obtained from the same animal were used per experiment. All the experimental data with the exception of mRNA content were normalized either to per gram of wet weight of tissue or per milligram of protein. mRNA levels were expressed per unit of 18S ribosomal RNA.
Isolation of adrenocortical cells and in vitro steroidogenesis
Freshly isolated adrenocortical cells (1, 2) from control and vitamin E-deficient rats were used to assay steroidogenesis. Triplicate cell samples were incubated ±ACTH (10 ng/ml) or ±Bt2 cAMP (2.5 mM) at 37TC for 3 h, and samples of incubation medium were assayed for corticosterone by direct radioimmunoassay as described previously (1, 2 (47, 48) . We employed a procedure modified from Draper et al. (47) for HPLC determination of TBARS using a p Bondapack C18 column (Waters Associates, Milford, MA).
Determination of protein carbonyl content. Assay of carbonyl groups (aldehydes and ketones) in proteins provides a convenient tech-nique for detecting and quantifying oxidative modification of proteins (18, 49) . In the current studies, protein carbonyls were determined according to the procedure of Reznick and Packer (49) .
Measurement of non enzymatic antioxidants
Vitamin C (ascorbic acid). Total ascorbate (i.e., reduced and oxidized ascorbate) was quantified in the trichloroacetic acid (5%) extracts of adrenals and other tissues by the colormetric procedure of Omaye et al. (50) .
Vitamin E (a-tocopherol). Tissue levels of vitamin E were determined by HPLC procedures (51) using a y Bondapack C18 column.
The vitamin E content of adrenal and liver subcellular membranes, cytosol, and lipid droplets was determined as follows: adrenal and liver homogenates were centrifuged to provide nuclear (800 g, 10 min), mitochondrial (5,000 g, 15 min), and microsomal (105,000 g, 60 min) fractions. After each centrifugation, the distinct floating lipid droplet band was removed, resuspended in buffer, and saved. Aliquots of the pooled lipid droplet fractions, total homogenate, and subcellular fractions were extracted and quantified for cholesteryl esters (2) and atocopherol. Each partially purified subcellular fraction showed 3-4-fold enrichment of specific marker enzymes (2, 3) .
Glutathione. Total glutathione and oxidized glutathione (GSSG) was measured in acidic homogenate extracts by the method of Roberts and Francetic (52) . Reduced glutathione (GSH) content was calculated as a difference of total glutathione minus oxidized glutathione. Results are expressed as nanomoles of GSH or GSSG per gram of tissue.
Measurement of antioxidant enzyme activity
For determination of enzymatic activity, adrenal and liver tissues were homogenized in buffer (50 mM potassium phosphate buffer, pH 7.4, 0.1 mM EDTA), briefly sonicated, and centrifuged at 600 g for 10 min (2, 13); supernatant fractions were stored at -90°C until assayed for various enzyme activities and protein (2, 13) .
SOD assay. Total SOD was measured by the procedure of Spitz and Oberley (53). 2 mM NaCN was used to inhibit CuZn-SOD activity and measure Mn-SOD activity. CuZn-SOD activity was calculated from total activity minus activity observed in the presence of 2 mM NaCN. One unit of SOD activity is defined as the amount of enzyme that inhibits the NBT reduction 50% of maximum inhibition. Specific activity is expressed as units per milligram of protein.
CAT assay. CAT activity was measured according to the method of Aebi (54) with modifications (55) . Specific activity is expressed as k units per milligram of protein (54).
GPX assay. Selenium-dependent GPX was measured by the method of Lawrence and Burk (56) using H202, GSH, and NADPH as substrates. One unit of GPX activity is defined as the amount of enzyme that catalyzes the oxidation of 1 mmol of NADPH per minute. Specific activity is expressed as units per minute per milligram of protein.
Expression of antioxidant enzymes
Mass of antioxidant enzymes. Enzyme-linked immunoabsorbent assays (ELISA) were performed according to Duckworth et al. (57) . Adrenal and liver samples were homogenized in ice-cold buffer containing protease inhibitors (57) and were sonicated and centrifuged. Extracts were stored at -90°C until assayed.
Adrenal and liver extracts (0.5-2.5 Htg) were absorbed to Immulon I ELISA plates (Dynatech, Chantilly, VA) in coating buffer (0.1 M carbonate-bicarbonate buffer, pH 9.6) overnight at 4°C. Endogenous peroxidase activity was blocked by pretreating the coated plates with 0.1% phenylhydrazine followed by 0.3% H202 in methanol. Subsequently, plates were blocked by Blotto (5% nonfat dry milk in Trisbuffered saline) overnight at 4°C, washed with Tween-Tris-buffered saline (TTBS), and incubated with rabbit anti-CuZn-SOD, Mn-SOD, CAT, or GPX for 2-4 h at 37°C. Finally, the plates were developed with goat anti-rabbit IgG conjugated with horseradish peroxidase and 3,3',5,5 '-tetramethylbenzidine (TMB) liquid substrate system. The absorbance was read at 450 nm on a automatic microplate reader, and results are expressed as arbitrary absorbancy units x l0-per milligram of protein. All measurements were made using linear concentrations of tissue (protein) extracts.
Measurements of messenger RNA levels. The steady-state levels of CuZn-SOD, Mn-SOD, CAT, and GPX mRNAs were determined using a sensitive ribonuclease protection assay (RPA) as described previously (35) . Because this technique requires only a small amount of cellular RNA, the levels of four types of mRNAs can be easily measured using total RNA obtained from two pooled adrenals of the same animal.
Molecular cloning of cDNA fragments. Cloned cDNA inserts for SODs, CAT, GPX, and 18S ribosomal RNA were subcloned into pBluescript KS II+ (pBS KSH+) so that RNA complementary to the mRNA (antisense) could be synthesized using either T3 or T7 RNA polymerase. cDNA fragments were cloned into the polylinker region of the pBluescript KSII+ (PBS KSII') vector employing standard cloning techniques. For the CuZn-SOD probe, a 388-bp EcoRI-PstI fragment (position 277-664) was subcloned into EcoRI-PstI sites of pBS KSIIV.
For MnSOD a 265-bp PVUH-PVUII fragment (position 155-420) was cloned in the SmaI site of pBS KSIIV. Similarly CuZn-SOD, Mn-SOD, CAT, GPX, or 18S ribosomal RNA transcripts and the RNA:RNA hybrids were digested with RNase A and T1 (35) . The protected fragments were resolved by electrophoresis followed by autoradiography to visualize the bands and scanning densitometry for quantitation. Data were normalized to the 18S ribosomal RNA signal (35) .
In situ hybridization. Rat adrenals were either perfusion fixed with 4% paraformaldehyde (20 min), excised, cut in half, and fixed for an additional 3 h before dehydration and paraffin embedment, or quick frozen in dry ice-chilled isopentane and stored at -20°C until used. Sections from both types of blocks were cut at 8 im and placed on DEPC-water washed, polylysine-coated grids. Frozen sections were subsequently fixed for 20 min in 4% paraformaldehyde at room temperature. The protocol for the dewaxed or frozen sections was similar and followed the procedure of Watkins (60 Table II , adrenals from control animals show minimal endogenous (basal) malondialdehyde levels and display only a 10-fold increase in malondialdehyde levels following either enzymatic or nonenzymatic prooxidant treatment. Adrenal tissues from similarly aged vitamin E-deficient rats were far less resistant to lipid peroxidation than that of the controls and showed ninefold higher basal levels and 33-fold higher malondialdehyde levels than controls following the use of prooxidants (data not shown). Cells from the vitamin E-deficient rats (which showed increased hydroperoxide formation) were also less efficient than cells from control animals in corticosterone production: i.e., maximal, cAMP-stimulated corticosterone production was 40-50% lower than that of control cells (data not shown).
Nonenzymatic antioxidant levels in various rat tissues. Table III provides data on tissue levels of vitamin C and E and reduced glutathione in 10 rat tissues. In each case, the adrenal levels exceeded those of any other tissue measured. Adrenal vitamin C values were fourfold higher than those of the luteinized ovary (a steroidogenic tissue that processes large quantities of cholesterol and its metabolites), sixfold higher than control ovary, and some 15-fold higher than liver. Adrenal and ovary vitamin E levels were 5-10-fold higher than other tissues. Although glutathione levels of the adrenal were higher than those of the other tissues measured, the differential between tissues with the highest and lowest glutathione concentrations was not as wide as those seen with vitamin C and E.
Antioxidant enzymes in adrenal and liver tissues. Fig. 1 [A] ENZYME ACTIVITY provides information on the enzyme activity ( Fig. 1 A) , protein mass ( Fig. 1 B) , and mRNA levels ( Fig. 1 C) in peroxisomes of the cell, whereas GPX is located in mitochondria and in the cell cytosol (24, 33) . Our results show that both SOD enzymes are especially active in adrenal homogenate (Fig. 1 A) , and that the activity of the mitochondrial form (Mn-SOD) is 12 times higher in adrenal than in liver. This differential in adrenal and liver mitochondrial (Mn-SOD) activity may be explained by the fact that adrenal steroidogenesis relies on a constant flux of cholesterol and cholesterol/lipid products cycling through mitochondria (25, 26) (requiring protection against the accumulation of lipid peroxides), whereas hepatic mitochondria do not metabo- 
lize lipids to any large extent and do not specifically require this protection. GPX also appears to be active in adrenal tissue ( Fig. 1 A) ; this is consistent with the notion that the enzyme is needed both in the cytosol and mitochondria to convert the H202 formed by the action of the two SOD enzymes. In contrast, CAT activity in adrenal homogenate ( Fig. 1 A) is barely measureable in comparison with that found in liver. The protein mass (Fig. 1 B) of the antioxidant enzymes in both adrenal and liver mirrors the measurements of enzyme activity seen in Fig. 1 A; i.e., where enzyme activity is high or low, proteins levels are correspondingly high or low.
Likewise, mRNA values ( Fig. 1 C) for each enzyme (corrected for the ribosomal RNA from the same preparation) corresponds well with enzyme activity levels. Fig. 2 shows the data from RNase protection assays identifying protected mRNA fragments for CAT, GPX, Mn-SOD and CuZn-SOD; for each enzyme, lanes 1-4 sequentially represent probe, tRNA control, and mRNA for adrenal and liver tissue extracts. Consistent with the enzyme activity and protein mass reported above, CuZn-SOD, Mn-SOD, and GPX mRNA levels appear to be abundant in adrenal tissue extracts, while adrenal CAT mRNA is low.
In situ hybridization and immunocytochemistry of antioxidant enzymes. Experiments carried out with radioactive probes for Mn-SOD, CuZn-SOD, and GPX on sections of quick-frozen adrenals or paraformaldehyde-perfused/paraffin-embedded adrenals provide similar in situ hybridization data regarding the tissue mRNA distribution for the different antioxidant enzymes. Fig. 3 depicts the typical adrenal localization of mRNA for Mn-SOD indicating that exposed silver grains are to some extent present in cells of all layers of the adrenal cortex. Fewer grains appear associated with individual cells of the zona (Z.) glomerulosa than cells of z. fasciculata (Fig. 3 C) , and fewer grains appear associated with cells of the adrenal medulla than z. fasciculata cells (Fig. 3 D) . No attempt was made to quantitate these impressions of grain density differences, because data on cell RNA concentration were not available for the different layers, and correction for mRNA values (as done in Fig. 1 C) was not possible. Control in situ hybridization experiments carried out with excess (nonlabeled) probes showed a > 90% reduction in the hybridization signal obtained (compare Fig. 3, A and B) . Hybridization experiments -carried out with CuZn-SOD or GPX probes showed the same tissue distribution as shown for Mn-SOD. Immunohistochemistry studies suggest that all cortical layers of the rat adrenal show the presence of this enzyme, but the most peripheral layers of the z. fasciculata and all layers of the z. reticularis appear heavily stained (data not shown).
Aging rats
In a previous study we described certain structural changes that occur in the adrenal of aging Spraque-Dawley rats (3) . Of relevance to the current report is the fact that the mean adrenal weight of aged rats is substantially higher than that of young, mature (5-6-mo-old) rats, that the relative thickness of each zone within the adrenal cortex is similar in young and old rats, but that the cell size (specifically the size of corticosteroneproducing z. fasciculata cells) of the older rat is larger than that of younger rats (3) . To some extent, the larger cell size can be explained by the increased mass of accumulated lipid droplets in cells of the older animals (2, 3).
Effect ofage on endogenous lipid peroxidation and susceptibility ofadrenal tissue to prooxidant-induced lipid peroxidation. Table IV shows that adrenal homogenates from old (20-27-mo-old) rats have twofold the endogenous levels of TBARS of young mature (5-mo-old) rats, regardless of method used. When the tissue homogenates are subjected to prooxidants, homogenates from the older animals are more susceptible to oxidation than homogenates from younger animals. Using the sensitive FOXRS technique for measuring lipid peroxides and dividing the animals into groups of increasing age, we obtain much the same information; i.e., as the animals age, adrenal tissue contains increasing amounts of endogenous lipid peroxides. Also, after prooxidant treatment, tissue from 2-year-old rats produce 5-6-fold the lipid peroxides formed by tissue of young mature rats, although, unlike the TBARS measurements, the ratio of induced lipid peroxide production over basal levels is about the same for each age group.
Effect of age on endogenous oxidized proteins in adrenal tissues. The carbonyl content of cellular proteins has previously been used as a measure of free radical-damaged protein in tissues such as liver (18, 49) . In the current study, we find that protein damage in adrenal tissue is comparable with that found Table V shows that endogenous levels of adrenal vitamin C and glutathione decrease with the age of the rat. The decline is greatest with vitamin C, and the age-related difference is already statistically valid (P < 0.05) by 12 mo. With reduced glutathione, this level of significance does not develop until the animals reach 20 mo of age.
The situation with vitamin E is more complex. In the examination of total tissue homogenates, tissue vitamin E levels actually increase with advancing age (young, 523 nmol/g tissue; old, 834 4tmol/g tissue; n = 1, obtained from four pooled adrenals from each group). However, when adrenal samples are subjected to subcellular fractionation and vitamin E is measured in individual cell fractions, it appears that the stored lipid droplets of cells of older animals contain most ( -60%) of the lipid soluble vitamin (as well as 85% of tissue cholesteryl ester), and that most of the other fractions (nuclear, mitochondrial, and microsomal) show relatively little change with age (data not shown).
Effect of age on antioxidant enzymes in adrenal tissues. CuZn-SOD, Mn-SOD, CAT, and GPX activity, protein content, and mRNA levels were measured in adrenal tissues from 5-moold young and 18-20-mo-old rats, and the results are shown in Fig. 4 . With the exception of CAT, which shows little activity and no change with age, all the other antioxidant enzymes show a substantial decline in activity, protein content, and mRNA levels in the tissues obtained from the older animals. There is, in fact, a remarkable consistency in the data obtained from these three enzymes; in each case, aging is associated with a 3-4-fold decline in enzyme activity (Fig. 4A) , with a consistent but The changes observed in adrenal tissue obtained from aging rats are remarkably similar to those described for the young rats fed a vitamin E-deficient diet. As the rats age from 5 to 27 mo, freshly isolated adrenal tissue shows increasing evidence of lipid peroxide formation and protein carbonyl content, suggesting that there has been an increase in oxidation of both lipids and proteins with age. This is seen with each of the methods used to detect such changes. Similarly, as the animals age, tissue levels of vitamin C and reduced glutathione progressively decrease. Perhaps the most significant change in aging rats, however, is that the activity and expression of each prominent adrenal antioxidant enzyme of the old rats decreases to less than half that found in adrenals of young mature rats.
The role of vitamin E during aging requires comment. Although total adrenal tissue vitamin E levels actually increase with age (as shown previously; reference 61), crude subcellular fractions from adrenal tissue indicate that more than 50% of tissue vitamin E is associated with lipid droplets, and because adrenal tissue from aging rats contains -50% more pooled lipid than adrenal tissue from young rats, there appears to be little net membrane change in vitamin E content with age. Whether this resistance to changes in vitamin E affords aging adrenocortical cells protection against more debilitating oxidative damage remains to be seen.
These results show that aging in Sprague-Dawley rats results in oxidative changes in adrenal tissue that appear linked to a reduction in efficiency of the normally protective antioxidant defense system. The timing of these changes in the life of the rat correlates generally with the age-related loss of corticosterone production in the same tissue (1-3, 5, 14) . Insofar as the decrease in hormone production in adrenal cells of aging animals is believed to result from the inefficient transport of intracellular cholesterol to mitochondria (5, 12) , we speculate that all these events are causally related; i.e., the age-related reduction in oxidative defense mechanisms in adrenal tissue leads to oxidative damage of membrane or cytosolic factors important to cholesterol transport, and, as a consequence of this damage, cholesterol cannot reach appropriate mitochondrial side chain cleavage sites, and corticosterone production decreases.
This speculation (regarding the link between aging, alterations in antioxidant substances, tissue free radical damage, blockage of intracellular transport of cholesterol to mitochondria, and the idea that these sequential events cause the reduction in hormone synthesis) has an interesting biologic correlate in another aging steroidogenic model-the rat corpus luteum during luteolysis. Regression of the aging corpus luteum is an example of degeneration of a cellular function as a normal and necessary part of the reproductive cycle. Behrman and colleagues (27, 30) and others (28) have convincingly shown that luteinizing hormone (or use of the luteolysin, prostaglandin F2) causes the depletion of vitamin C, an increase in superoxide and H202 formation, and a block of hormone-sensitive cholesterol transport into the mitochondria of ovarian luteal cells. All this results in the reduction of progesterone formation by the luteal cells (27, 30) in a manner similar to that proposed in the present report for the reduction of corticosterone formation in the adrenals of aging rats.
Given these various observations, and the proposed function of antioxidant defense systems in preventing the cell damage that increasingly occurs with aging, one wonders why simple up-regulation of crucial antioxidant enzymes does not occur in aging. Of interest in this regard is recent evidence that oxidative damage during aging also may occur at the gene level (16, 24, (62) (63) (64) (65) . Were this to occur in adrenal tissue, an initial insult at the DNA level (62, 64) could lead secondarily to the types of changes observed in this study. Ongoing studies from this laboratory are examining this possibility further.
